Radioisotope thermoelectric generators (RTGs) generate electrical power by converting the heat released from the nuclear decay of radioactive isotopes (typically plutonium-238) into electricity using a thermoelectric converter. RTGs have been successfully used to power a number of space missions and have demonstrated their reliability over an extended period of time (tens of years) and are compact, rugged, radiation resistant, scalable, and produce no noise, vibration or torque during operation. System conversion efficiency for state-of-practice RTGs is about 6% and specific power ≤ 5.1 W/kg. Higher specific power would result in more on-board power for the same RTG mass, or less RTG mass for the same on-board power. The Jet Propulsion Laboratory has been leading, under the advanced thermoelectric converter (ATEC) project, the development of new high-temperature thermoelectric materials and components for integration into advanced, more efficient RTGs. Thermoelectric materials investigated to date include skutterudites, the Yb 14 MnSb 11 compound, and SiGe alloys. The development of long-lived thermoelectric couples based on some of these materials has been initiated and is assisted by a thermo-mechanical stress analysis to ensure that all stresses under both fabrication and operation conditions will be within yield limits for those materials. Several physical parameters are needed as input to this analysis. Among those parameters, the coefficient of thermal expansion (CTE) is critically important. Thermal expansion coefficient measurements of several thermoelectric materials under consideration for ATEC are described in this paper. The stress response at the interfaces in material stacks subjected to changes in temperature is discussed, drawing on work from the literature and projectspecific tools developed here. The degree of CTE mismatch and the associated effect on the formation of stress is highlighted.
INTRODUCTION
SiGe unicouples were used in the most recent version of flown radioisotope thermoelectric generators (RTGs) for US deep space missions 1 . A photograph of a SiGe unicouple is shown in Figure 1 . The "hot-shoe" serves as a heat collector and operates at a temperature of approximately 1275K. The thermoelectric (TE) legs (n and p) are the active elements and generate electrical power through the Seebeck effect. The hot-and cold-junctions of the TE legs are kept at about 1275K and 575K respectively. One of the outcomes of these large temperature gradients across the TE legs is the possibility for significant mechanical stresses to be generated at the various interfaces in the couples. These issues have been successfully addressed in SiGe and other couples used on spacedeployed RTGs as demonstrated by the millions of hours accumulated by the couples without a single failure.
To meet the higher specific power and efficiency targets for future RTGs, the use of new, more efficient TE materials in the power generating couples is required. The development of advanced TE couples that use the compound Yb 14 MnSb 11 (YMS) or a nanostructured Si 0.8 Ge 0.2 as the p-leg material high-temperature segments, and a nanostructured or mechanically alloyed Si 0.8 Ge 0.2 alloys for the n-leg high-temperature segment has been initiated under the advanced thermoelectric converter (ATEC) project at the jet propulsion laboratory (JPL). Figure 2 illustrates one of the ATEC couple configurations in which, the high-temperature segments are segmented to lowertemperature skutterudite segments. All materials are synthesized using a ball milling process and hot-pressing.
The development of the ATEC advanced couples is guided by thermo-mechanical modeling efforts. The aim is to ensure that projected stress levels stay within fracture and yield limits during manufacturing and operation. Inputs to the thermo-mechanical models include temperature dependent mechanical and physical properties of candidate materials. Among those properties, the coefficient of thermal expansion (CTE) is of paramount importance. In the following, the experimental approach to thermal expansion measurements is described for several thermoelectric materials. The thermal linear expansion data for skutterudites (n-type CoSb 3 and p-type CeFe 3 RuSb 12 ), the Yb 14 MnSb 11 compound, and SiGe alloys are also presented. The thermo-mechanical modeling approach is discussed and the influence of CTE on the stress level in the couples is shown.
THERMAL EXPANSION MEASUREMENTS
Thermal linear expansion, ∆L / L 0 , where ∆L is the difference between the lengths of the sample at a temperature T (L T ) and room temperature (L 0 ), was measured as a function of temperature using a NETSCH DIL 402C Dilatometer. Typical test conditions for skutterudites were: nominal starting temperature of 286 K; an atmosphere of flowing forming gas, 95% argon, 5% hydrogen, at a flow rate of 60 ml/min; an applied load of 60 cN, and a heating rate of 10 K/ min. Typical test conditions for all other samples were: nominal room temperature of 297 K; an atmosphere of flowing forming gas, 93% argon, 7% hydrogen, at a flow rate of 60 ml/min; an applied load of 45 cN, and a heating rate of 2 K/ min. Test samples were typically 6 -12.7 mm in diameter and 10 -25 mm long. The test coupons had densities ≥ 99.5% of their respective theoretical density.
The test samples were subject to a minimum of three heating and cooling cycles. Thermal expansion data were obtained for all heating and cooling cycles. The dilatometer was calibrated using a sapphire standard (6 mm in diameter x 25 mm). The calibrated raw data were plotted as % thermal linear expansion versus temperature. A third order polynomial (5 th order for the skutterudites) was fitted to the expansion data and the coefficient of thermal expansion (CTE), α, at different temperatures can be obtained by using the following equation 2 :
However, CTE is usually reported as the mean coefficient of thermal expansion over a given temperature interval ∆T = T ref -T 1 , where T 1 is the upper limit of the temperature range of interest and T ref is the lower, reference temperature. In the following, the mean CTE values are the calculated "technical alpha" values using the NETSCH -TA Proteus ® Software. The technical alpha is defined as 3 :
A standard sapphire sample provided by Netzsch was subjected to a set of 3 back-to-back heating and cooling runs. The coefficient of variation (CV), in CTE, i.e., the ratio of the standard deviation to the arithmetic mean was 0.35% over 3 consecutive ramp ups (323 -1273K) and 0.03% over 3 consecutive ramp downs (1273 -323K). Figure 3 shows plots of the thermal linear expansion (expressed as a percentage) as a function of temperature for the p-type CeFe 3 RuSb 12 material in the 338 -974 K temperature range. Figure 3a shows the thermal expansion data for three continuous heating cycles and Figure 3b for three corresponding cooling cycles of the same test sample.
Skutterudites
The mean CTE for the p-type skutterudite material for the third heating run is ~14.5 ppm/K in the 473 -873 K temperature range. Figure 4 shows a plot of thermal linear expansion (expressed as a percentage) as a function of temperature for the n-type CoSb 3 material in the 338 -974 K temperature. Figure 4a shows the thermal expansion data for three continuous heating cycles and The thermal linear expansion data for the above materials were fitted to a fifth degree polynomial in the 338K -974 K temperature range and the following nominal relationships were obtained:
For the p-type CeFe 3 RuSb 12 material:
For the n-type CoSb 3 :
The skutterudite samples exhibited a permanent length increase over the course of the three continuous run cycles. The filled skutterudite, p-type CeFe 3 RuSb 12 , had permanent length increases on the order of 0.5% while the n-type CoSb 3 had length increases on the order of 0.2 % over the temperature range measured and over 3 continuous heating and cooling cycles.
P-type Yb 14 MnSb 11
Figure 5 shows plots of the thermal linear expansion (expressed as a percentage) as a function of temperature for a p-type Yb 14 MnSb 11 sample in the 323 -1273 K temperature range. Figure 5a shows the thermal expansion data for three consecutive heating cycles and Figure 5b for three consecutive cooling cycles of the same test sample. The dependence of the thermal linear expansion upon temperature for the third heating run can be expressed as:
∆L/Lo (%) = 2.5676x 10
The mean CTE for the p-Yb 14 MnSb 11 ranged from 17.9 -17.5 ppm/K for the three heating cycles and 16.0 -17.1 ppm/K for the three cooling cycles in the 323 -1273 K temperature range. The p-type Yb 14 MnSb 11 sample exhibited a permanent length change of about 0.2% for the first heating and cooling cycle. The sample is quite stable over the third heating and cooling cycle with no significant permanent dimensional change (~0.07%).
SiGe Alloys
Figures 6, 7 and 8 show plots of normalized length changes as a function of temperature for the nanostructured n-type, p-type and mechanically alloyed SiGe (MA-SiGe) materials in the 323 -1273 K temperature range. Figures 6a and 6b show the thermal expansion data for the first, third and fourth heating and cooling cycles for the nanostructured n-type material (an instrument problem was encountered in the second heating cycle; however the sample did complete the entire thermal cycle). Figures 7 and  8 show the thermal expansion data for the nanostructured p-type and mechanically alloyed SiGe materials over three consecutive heating and cooling cycles. Overall, the nanostructured n-type SiGe shows the highest amount of permanent deformation, mostly after the first heating and cooling cycle while the mechanically alloyed SiGe shows the least. All of the materials do stabilize dimensionally after the first cycle and second cycles and exhibit very little permanent deformation over the third heating and cooling cycle.
Summary of Thermal Expansion Measurements
The temperature dependence of the thermal linear expansion and the coefficients of thermal expansion for each of these materials (using data from the third run) are shown in Table 1 along with the other TE materials.
The CV ranged from 4.72% for the MA-SiGe, 12.33% for the nano n-type SiGe, and 0.05% for the nano p-type SiGe for a set of 3 heating runs. The high CV for the nano ntype SiGe was due to the significant difference between the first run and the subsequent ones. The CV over the second and third runs drops to 1.7%. The CV for the three heating runs of the P-type Yb 14 MnSb 11 was 1.31% and the corresponding CVs for the pand n-type skutterudite compounds were 0.6%. The variability of the CTE data for all of the thermoelectric materials reported are higher than the baseline values established with the standard sapphire sample. Most of this variability may be attributed to permanent dimensional changes in the materials, especially after the first heating and cooling cycle. The underlying reasons for this variation, e.g., microstructural changes, are not within the scope of this paper.
It is clear from Table 1 that the CTE of the various materials investigated in this study varies over a broad range -from a minimum of about 4.1 ppm/K to a maximum of about 17.5 ppm/K. This difference can contribute to significant interfacial stress levels at different locations in the couples as illustrated in the following discussion on thermomechanical modeling.
THERMO-MECHANICAL INTERFACIAL STRESS ANALYSIS
Given that a thermoelectric couple is composed of multiple dissimilar materials as shown in Figure 1 and illustrated in Figure 2 , interfacial thermo-structural stress mechanics play a central role in designing TE couples to guide fabrication and ensure in-service longevity. In the following sections, the analytical stress solutions in the general case of a thin film on a relatively thick substrate is presented, followed by the application of the finite element method to multilayer systems as in the case of TE couples. The significance of the role of CTE in interfacial stress development is discussed.
Problem Description
A schematic of a simple multi-layer system-that of a coating bonded to a substrate-is shown in Figure 9 . For illustration purposes, let the system be long in the z-direction (out-of-plane), meaning a plane strain condition will prevail. Let the system initially be stress-free followed by a uniform change in temperature. With differing coefficients of thermal expansion, the coating and substrate will have different natural contraction or expansion strains. Stresses at the interface and throughout the parts will therefore result, nomenclature for which is shown on the stress element in Figure 9 .
Stress values can be determined using analytic or numerical approaches. It is necessary to know the material properties of the system (specifically, the Young's Modulus, E,
Poisson's ratio, ν, and coefficient of thermal expansion, CTE for each layer), the system geometry (coating thickness, t c , substrate thickness, t s , and width), and the stress-free reference temperature for each layer (which, in the above case, is simply the bond temperature).
Analytic Stress Solutions
It is possible to analytically estimate the stress induced in a thin coating on a substrate.
The substrate in such a system will thermally deform with very little coating influence. Thus, a reasonable approximation for the strain in the substrate at the interface is simply
where α s is the CTE of the substrate and ∆Τ is the change in temperature of the system. Because of the assumed strong bond between the coating and substrate, the strain at the interface in the two materials must be equal. Thus the strain at the interface in the coating is
Taking the difference between this enforced strain and the strain brought about by the coating's natural thermal expansion/contraction yields the stress-producing thermal mismatch strain in the coating:
Plane stress is the prevailing condition throughout the thin coating; thus the plane stress constitutive relationship is invoked to obtain the coating stress at the interface due to thermal mismatch:
More general systems have also been studied in the literature. Hsueh 4 developed exact closed-form solutions to obtain residual stresses far from the free edge in multi-layer systems using beam theory. Hsueh's analytical model decomposes total strain into uniform and bending components and uses the notion of natural or preferred strain. These equations were used to develop insight into design parameters of multi-layer systems by Hsueh and coworkers 5 . Other analytical work of relevance is that of Shaw 6 who used laminate theory to develop his equations and methodologies to investigate these design parameters.
Stress Singularity
It has been documented that the stresses at the intersection of the interface and the free surface are singular [7] [8] [9] . This critical point, labeled Point C in Figures 9 and 10 , therefore represents not just a point where the stresses are concentrated, but where they in fact increase asymptotically. That is, the following stress components (see Figure 9 ) take on the form
where K 1 and K 2 represent the conventional modes I and II stress intensity factors, r the distance to the critical point, and β the power of singularity. Lee and Erdogan 6 provided a means of calculating β at the interface of two materials. To illustrate how β varies, Figure   14 presents plane strain and plane stress values for various Young's Modulus ratios (E 1 / E 2 ) and Poisson's ratios (ν i ). The general trend is clear: the less elastically similar the two materials are, the greater the power of the critical point singularity. Bogy 7 reports an upper value of β = 0.311 for the range of elastic constants he considered. By comparison, the singularity power of a crack is 0.5 and remains so as the crack extends through a homogeneous medium. Characterization of the stress at the critical point is typically done for a given system by (1) calculating the power of the singularity and (2) curve fitting of the numerically-determined results very near the singularity to establish K i , as done by Lee 6 and Case 9 .
Finite Element Modeling and Illustrative Results
Finite element analysis has been demonstrated to provide an efficient tool for studying the thermo-structural response of multi-layer bonded systems 7, [11] [12] [13] . For the present undertaking, a script was written in a commercial finite element package called ANSYS 14 to build and solve arbitrary multi-layer meshes. Both two-and three-dimensional versions of this code were produced; sample meshes are shown in Figures 11 and 12 . In the case of the two-dimensional mesh, plane strain, plane stress, or axi-symmetry can be optionally specified depending on the problem at hand. The three-dimensional code was created with the capability of creating arbitrary corner radii as shown in the Figure 12 inset.
Consider the three-layer stack shown in the finite element mesh in Figure 11 . Let subscripts 1, 2, and 3 specify respective top, middle, and bottom layers (L 1 , L 2 , L 3 ). Normalizing by the third layer properties, we define material properties in proportions analogous to those that might make up a thermoelectric leg subassembly. That is, E 1 /E 3 = 0.1, and E 2 = E 3 , and assume ν 1 = ν 2 = ν 3 = 0.25. Further, let CTE 1 /CTE 3 = 0.5 and let CTE 2 /CTE 3 take on the range {0.5, 1.0, 2.0}. Finally, let t 1 /t 3 = 0.4 and t 2 /t 3 = {0.1, 0.15, 0.25, 0.3, 0.5}. Let the response of primary concern be the principal stress at the interface in the third layer. We subject the system to a temperature drop of ∆T from the stress free initial condition and solve the problem linearly. Figure 13 shows the normalized stress results obtained from ANSYS for the problem described above, where Figure 13 .
These results illustrate how CTE mismatch has a very significant effect on interfacial residual stresses. When the mismatch is small, interfacial stresses approach zero; but when there is a significant discrepancy, these stresses increase dramatically and exhibit a pronounced dependence on system variables such as adjacent layer thickness.
CONCLUSIONS
Thermal expansion data for several advanced thermoelectric materials have been measured and presented. The thermal expansion coefficient has a profound effect on the thermo-mechanical robustness of thermoelectric devices. Additionally, the interfacial response of bonded material systems has been discussed. Finite element tools have been created to carry detailed stress analysis of various interfaces in advanced thermocouples for integration into advanced RTGs. The illustrative numerical example underlines the high sensitivity of interfacial stresses to thermal expansion coefficients of adjacent materials. It is clear that a thermally matched system leads to reduced interfacial stresses and less risk of in-situ fracture of the device. Thermally mismatched systems have to be carefully engineered to meet performance expectations. 
